Introduction
============

A better understanding of N and water physiological interactions in plants is becoming more crucial for agriculture because of the worldwide increase in food demand and changes in climate variables such as the amount and distribution of precipitation, temperature levels, and CO~2~ concentrations.[@R1] However, the physiological relationships between water use efficiency (WUE) and nitrogen use efficiency (NUE) are not fully established or understood.[@R2] An important contribution of water to WUE is provided by transpiration, which is involved in micro and macronutrient transport in the soil via mass flow and diffusion.[@R3]^-^[@R6] A small contribution of WUE is provided by water movements from soil to root via the osmotic water flow for growth induced by macronutrients such as nitrate. In low transpiring conditions, this contribution becomes predominant and essential for ions and solutes cycling within the plants. Indeed, in well-watered conditions and in low transpiring conditions, it has been shown that transpiration is not a prerequisite for long-distance transport of mineral such as N, P and K in plants.[@R7]^,^[@R8] Thus, the convective water transport in the xylem, brought about by root pressure and the resultant guttation, "growth water," and Münch's phloem counterflow, are sufficient for macronutrient fluxes in the xylem.

In the seventies, both components of water flow through plants were described in a general passive diffusion model.[@R9]^-^[@R12] In this model, the hydraulic water flow is built from the shoot demand for water caused by transpiration, and which increases the hydrostatic pressure difference (ΔP) between the soil and the root xylem. The osmotic water flow is built in the root by the rapid transport and accumulation of nutrient ions such as nitrate and potassium ions into the xylem (Δπ) that induce water flux across the root via osmotic pressure. The modeling of these flows is based on the coupling of forces and fluxes of irreversible thermodynamics[@R13]^,^[@R14] and may be written as follows: *J~v~* = *Lp* (ΔP - σΔπ)

Where *J~v~* is the volume flow density (m.s^−1^), *Lp* is the root hydraulic conductivity (m.s^−1^.MPa^−1^) of the membrane and σ is the dimensionless reflection coefficient or osmotic factor and ΔP and Δπ are the differences in hydrostatic pressure and osmotic pressure, respectively (in MPa). This model has been mainly validated from biophysical experiments with excised roots and massively invasive methods (pressure chamber), but its pertinence to attached roots has been little studied and deciphered in relation to underlying mechanisms, such as the regulation of the expression and activity of nutrient transporters and nutrient signaling.[@R15] Thus, it is now recognized that the contribution of nitrate in water transport is not limited to the osmotic water transport for growth. By using a split root system, it has been demonstrated that in intact plants, nitrate regulates water uptake and transpiration.[@R16]^,^[@R17] If these results are partially explained by changes in root hydraulic conductance induced by nitrate,[@R18]^,^[@R19] they could also be explained by the involvement of nitrate in the regulation of stomatal opening via the nitrate transporter, AtNRT1.1,[@R20] or by NO, which is produced by nitrate reductase (NR) activity.[@R21]^,^[@R22] Accordingly, all these results indicate that in well-watered conditions, nitrate is able to control its own diffusion and mass flow in soil by regulating the hydrostatic flow (transpiration) and osmotic flow (growth). They also suggest that it would be possible to improve water use efficiency via improvement of NUE.[@R23]^,^[@R24] However, to decipher the physiological relationships between nitrate and water fluxes, at first, it is important to determine how nitrate transporters and the nitrate signaling-cascade are involved in the osmotic water flow for growth. Indeed, if changes in root hydraulic conductance are rapidly induced (min to hours) by an abrupt change in root nitrate supply from low to high nitrate concentrations,[@R18]^,^[@R19]^,^[@R25] these changes do not result from an increase in the expression of aquaporin genes.[@R19] By contrast, nitrate uptake adjustment is promoted by enhancing the activities of the two distinct nitrate transport systems, the high-affinity transport system (HATS) and the low-affinity nitrate transport system (LATS) and the expression of the main corresponding *NRT2.1* and *NRT1.1* transporter genes.[@R26]^-^[@R29] In Arabidopsis, transcriptomic studies and mutant analyses have shown that NRT2.1 is mainly involved in the inducible component of the HATS,[@R28]^-^[@R31] whereas NRT1.1 is a dual-affinity transporter involved in HATS and LATS activities by a phosphorylation/dephosphorylation mechanism.[@R32]^-^[@R35] In addition, the studies of mutants in the *NRT1.1* and *NRT2.1* genes have revealed that these nitrate transporters play a major role in nitrate sensing and root development at both high and low levels of nitrate.[@R36]^-^[@R38] However, until now, no study has thoroughly investigated how hydraulic and morphological responses of the root and shoot to nitrate availability could be coupled with changes in *NRT2.1* and *NRT1.1* gene expression and activity during low or high transpiring conditions in the intact plant. Likewise, the expression of *NRT1.1* in root and shoot tissues has not been questioned in terms of nitrate and water flow regulation through nitrate signaling during growth.[@R20]^,^[@R39]^-^[@R41]

In the present study we mainly focused on the expression of the *NRT1.1* and *NRT2.1* nitrate transporter genes and the nitrate uptake and allocation in relation to water uptake for growth. To decouple the hydraulic and the osmotic water flows, we placed the plants in low transpiring conditions. Thus, the relationships observed between nitrate and water fluxes would serve as references for future comparisons with data obtained in high transpiring conditions. This non-invasive study will allow more accurate characterization of the underlying mechanisms of nitrate and water transport during osmotic flow because the hydraulic continuum between root and shoot was not broken. Hence, long distance signals involved in growth regulation can operate correctly.[@R42]^,^[@R43] To prevent transpiration and to quantify the responses of nitrate transporters, oilseed rape seedlings were grown over five days of treatment in an agar Petri dish system and subjected to a progressive and homogeneous increase in external KNO~3~ concentrations. Because of the high relative humidity (HR) in the Petri dishes, this system constitutes a powerful tool to study the growth requirements of nitrate and water uptake independently of the possible effects of transpiration on the mass flow in the root media. Under these experimental conditions, the rationale and main working hypothesis were as follows: (1) In low transpiring conditions, the osmotic water flow for shoot growth is only possible if a prior shift in the shoot growth is induced by nitrate signaling; (2) This osmotic flow of water for shoot growth induced by the nitrate signal will be directly dependent on nitrate transporter expression and activity. In other words, osmotic water flow will be the consequence of the nitrate-signaling cascade on the shoot cell expansion and division, not the cause. To confirm the first hypothesis, already demonstrated in tobacco NR mutants by Stitt and colleagues in transpiring and non-transpiring conditions[@R44]^,^[@R45] and to test the second hypothesis, we have analyzed the expression of *BnNRT2.1*, *BnNRT1.1* and *BnNRT1.5* nitrate transporter genes in response to nitrate availability. To gain complete insights into nitrate effects on N and C metabolism, we have also examined the impact of nitrate availability on root and shoot architectural changes in relation to water, carbon and nitrogen partitioning between the roots and shoots, and monitored the changes in the amino acid and nitrate pools.

Results
=======

High relative humidity in agar Petri dishes strongly reduced the transpiration rate
-----------------------------------------------------------------------------------

To evaluate the transpiration rate in agar Petri dishes (100% RH), a comparison was made with plantlets grown in hydroponic conditions under high (100%) and low (70%) relative humidity ([Fig. 1](#F1){ref-type="fig"}; [**Fig. S1**](#SUP1){ref-type="supplementary-material"} at JXB on line). This comparison showed that the transpiration rate of plantlets grown at 0.5 and 5 mM KNO~3~ in agar Petri dishes was similar to the transpiration rate of plantlets grown in hydroponic conditions at 100% RH. However, high RH conditions strongly reduced (10 times) the transpiration rate compared with low RH ([Fig. 1](#F1){ref-type="fig"}). According to the volume flow density equation (eq.1), these results demonstrated that at high RH, the hydrostatic pressure involved in transpiration was strongly reduced compared with the osmotic pressure. This was confirmed and measured with a gravimetric method (see Mat and Meth). In hydroponic conditions and 100% RH, the quantity of water absorbed by residual transpiration was 1.3-fold higher than water absorbed for growth, whereas in 70% RH, the difference was ten times higher (data not shown). In contrast, in the agar Petri dish system, the hydrostatic and osmotic pressures probably reached the same order of magnitude for plant water uptake. Hence, the agar Petri dish system seems to be a convenient condition for studying the effect of KNO~3~ availability on nitrate and water fluxes for growth in relation to nitrate signaling and nitrate transporter activity and expression.

![**Figure 1.** Effects of NO~3~^-^ availability and relative humidity on the transpiration rate in 7 and 14-d-old *Brassica napus* plantlets grown during 24 h on agar plates or hydroponic conditions, respectively. In hydroponic conditions, values are the average (± SE) of four repeats of three seedlings each. On the agar plates, values are the average (± SE) of five plates of four seedlings each.](psb-8-e22902-g1){#F1}

In low transpiring conditions, cell and organ enlargement reflects the transition between cell expansion relative to the cell division induced by nitrate in the cotyledons
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------

In the agar Petri dish system, high RH reduced the *B. napus* plantlet transpiration rate ([Fig. 1](#F1){ref-type="fig"}). In these conditions, root elongation and shoot area enlargement were examined at the organ and cellular levels in response to nitrate availability five days after uniform exposure of 7-d-old *B. napus* plantlets to nitrate concentrations ranging from 0.05 to 20 mM ([Fig. 2A-C](#F2){ref-type="fig"}). The leaf surface area continuously increased in response to increasing external nitrate concentrations, whereas the elongation of the exploratory root system showed contrasting responses, depending on the nitrate concentration ([Fig. 2B](#F2){ref-type="fig"}). Between 0.05 and 1 mM nitrate, the elongation of the exploratory root system (primary root and lateral roots) remained constant under the increase in nitrate availability. Between 1 and 5 mM nitrate, root elongation was drastically reduced, whereas under the increased nitrate concentrations of 5 to 20 mM, elongation of the whole exploratory root system was mainly caused by elongation of the primary root ([Fig. 2A and B](#F2){ref-type="fig"}). Comparisons of root and shoot expansion revealed that between 1 and 5 mM, the roots and shoots have an inverted elongation in response to nitrate, whereas for the other treatment doses, root and shoot elongations were in parallel ([Fig. 2B](#F2){ref-type="fig"}).

![**Figure 2.** Effects of NO~3~^-^ availability on organs and cell expansion of the roots and shoots in 7-d-old *Brassica napus* plantlets grown for 5 d on agar plates. (**A**) Root and shoot morphological changes induced in 7-d-old *Brassica napus* seedlings treated with varying external nitrate concentrations for 5 d on agar plates. (**B**) Organ responses to nitrate availability of the exploratory root system (primary and lateral roots) and the shoot surface area. Values are the average (± SE) of four repeats of four seedlings each. (**C**) Cell expansion in response to nitrate availability of palisade cells in the central region of the cotyledon blade (n = 36 cells from 6 seedlings) and the elongation of the "Basal Length of Epidermal root Hair cell" corresponding to fully expanded root hairs after 24 h of growth of the primary root (n = 18--20 root cells from 6 seedlings). The dashed line indicates the nitrate concentration range where switches in organ and cell enlargement occurred.](psb-8-e22902-g2){#F2}

The comparison of cell and organ expansion in the shoots and roots in response to nitrate showed very different development patterns ([Fig. 2B and C](#F2){ref-type="fig"}). At the cellular level, enlargement of palisade cells in the central region of the cotyledon blade and elongation of epidermal root hair cells along the primary root axis showed strictly opposite responses to nitrate availability between 0.2 and 1 mM ([Fig. 2C](#F2){ref-type="fig"}; [**Fig. S2**](#SUP1){ref-type="supplementary-material"} at JXB on line). However, when organ and cell growth of the shoots were compared with control plantlets treated with 0.05 mM, a difference in the overall trend of organ and cell expansion was only observed above 1 mM ([Fig. 3A](#F3){ref-type="fig"}). Accordingly, the transition between full cell expansion in the central region of the cotyledon and induction of supernumerary cells by division during enlargement of the shoot surface area probably occurred between the 0.5 and 1 mM nitrate treatments in the cotyledon margins as previously reported.[@R46]^,^[@R47]

![**Figure 3.** Difference between organ and cell expansion in relation to the ^15^N accumulation rate in seedlings treated with varying external nitrate concentrations for 5 d on agar plates. (**A**) Comparison of organ and cell enlargement relative to 0.05 mM nitrate treatment. (**B**) The ^15^N accumulation rate in seedlings treated with varying external nitrate concentrations. Values are the average (± SE) of four repeats of four seedlings each.](psb-8-e22902-g3){#F3}

The major change in the ^15^N accumulation rate in plantlets is associated with the transition between cell and organ expansion in the cotyledons
-------------------------------------------------------------------------------------------------------------------------------------------------

In order to better characterize how nitrate availability modified shoot and root growth, changes in morphological responses were compared with ^15^N accumulation in 7-d-old *B. napus* plantlets ([Fig. 3](#F3){ref-type="fig"}). No relationship between the total root length and the ^15^N accumulation in the root tissue was observed ([**Fig. S3A**](#SUP1){ref-type="supplementary-material"} at JXB on line). However, the increase in the shoot surface area was linearly correlated with ^15^N accumulation in the shoot tissue after 5 d of treatment (r^2^ = 0.94, p \< 0.01; [**Fig. S3B**](#SUP1){ref-type="supplementary-material"} at JXB on line). Likewise, the most important change in the ^15^N accumulation rate in the plantlets between 0.5 and 1 mM ([Fig. 3B](#F3){ref-type="fig"}) was associated with the transition between organ and cell expansion in the shoot ([Fig. 3A](#F3){ref-type="fig"}). Intriguingly, above a 1 mM nitrate supply (1 and 5 mM), when the rate of ^15^N accumulation in the plantlets remained constant ([Fig. 3B](#F3){ref-type="fig"}), elongation of the exploratory root system was drastically reduced ([Fig. 2B](#F2){ref-type="fig"}). In order to decipher the morphological responses of the shoots and roots in response to nitrate availability, both ^15^NO~3~^-^ and water uptake and partitioning were analyzed.

Morphological switches of the roots and shoots induced by nitrate are associated with a strong increase in nitrate and water uptake and BnNRT1.1 expression
-----------------------------------------------------------------------------------------------------------------------------------------------------------

Because high external nitrate concentrations are known to stimulate root hydraulic properties (root conductivity, *Lpr*) and water flow density (*J~v~*) through the roots in well-watered conditions,[@R18]^,^[@R19]^,^[@R48] we examined the allometric relationship between the length of the exploratory root system and the shoot water mass. The results revealed that during the time course of the experiment a linear and allometric relationship between the shoot water mass and the root elongation of the seedlings existed ([Fig. 4A](#F4){ref-type="fig"}). Increasing external nitrate concentrations did not change the linear correlation but started to modify the water accumulation rate in the shoots between 1 and 5 mM corresponding to the transition between cell and organ expansion in the cotyledons ([Figs. 4A](#F4){ref-type="fig"} and [3A](#F3){ref-type="fig"}). In particular, a large increase in the osmotic water flow needed for shoot growth was induced between 0.5 and 5 mM nitrate supply, concurrent with the greatest reduction in root elongation and the increase in shoot surface area ([Figs. 2B](#F2){ref-type="fig"}, [3A](#F3){ref-type="fig"} and [4A](#F4){ref-type="fig"}). In these low transpiring conditions, comparisons between estimated nitrate mass flow and nitrate and water uptake rates for seedling growth (expressed in centimeters of root length instead of mg of root DW) showed a parallel overall trend with a larger increase in water uptake compared with the nitrate uptake between 1 and 5 mM ([Fig. 4B](#F4){ref-type="fig"}). As expected, the mass flow caused by osmotic water flow remained very low and supplied a maximum of 3.6 and 10.8% of total nitrate uptake at 5 and 20 mM. This demonstrates that, in low transpiring conditions, nitrate flow to the root is mainly caused by nitrate diffusion to compensate for nitrate depletion at root level induced by nitrate active transport.[@R4]

![**Figure 4.** Effect of nitrate availability on root water and ^15^NO~3~^-^ uptake and partitioning in *Brassica napus* seedlings treated with varying external nitrate concentrations for 5 d on agar plates. (**A**) Relationship between the root length and shoot water mass during the time course (5 d) of the nitrate treatments. (**B**) Comparison of ^15^NO~3~^-^ and water uptake expressed by root length and the estimated ^15^NO~3~^-^ uptake by mass flow. In A and B, values are the average (± SE) of four repeats of four seedlings each. (**C**) Responses of *BnNRT1.1* and *BnNRT2.1* transcript levels to nitrate availability in the root tissues. Transcript levels were assayed by quantitative PCR and were normalized to the expression level of the *18S* ribosomal gene, values are the average (± SE) of n = 5--8 repeats of four seedlings each.](psb-8-e22902-g4){#F4}

To characterize the regulation of nitrate transporter gene transcription that was associated with morphological changes and variations in water and nitrate fluxes, transcription patterns of both *BnNRT1.1* and *BnNRT2.1* were analyzed in the roots ([Fig. 4C](#F4){ref-type="fig"}). *BnNRT1.1* and *BnNRT2.1* transcript levels were increased 8- and 4-fold, respectively, during the greatest increase in ^15^N and water uptake ([Fig. 4A](#F4){ref-type="fig"}) as well as the most drastic reduction in root elongation between the 0.5 and 5 mM nitrate treatments ([Fig. 2B](#F2){ref-type="fig"}).

We have also compared the transcription patterns of *BnNRT1.5* across the whole range of nitrate concentrations ([**Fig. S4**](#SUP1){ref-type="supplementary-material"} at JXB online). Indeed, in Arabidopsis, *AtNRT1.5* and *AtNRT1.1* have the same localization in the pericycle and endodermis cell layers of the mature root[@R33]^,^[@R41]^,^[@R49]^,^[@R50] and *AtNRT1.5* participates partially in nitrate translocation.[@R50] In our conditions, the level of *BnNRT1.5* transcripts showed a basal expression across the whole range of nitrate concentrations suggesting that it was not influenced by the changes in nitrate allocation or that its regulation took place at the posttranscriptional level.

Daily differences in ^15^N and water partitioning in the shoot are explained by the transition between cell and organ expansion induced by nitrate signaling
------------------------------------------------------------------------------------------------------------------------------------------------------------

Because under low transpiration water cannot be accumulated in the tissues in the same way as nitrate, daily ^15^N and water partitioning in the shoot were compared in order to reveal how they were both associated with morphological changes in the plantlets ([Fig. 5](#F5){ref-type="fig"}). The maximum level of daily ^15^N partitioning in the shoot was reached at a 1 mM external nitrate concentration, whereas the maximum level of water partitioning was reached at 5 mM ([Fig. 5A](#F5){ref-type="fig"}). Thus, the growth transition between cell and organ expansion induced by nitrate in the shoot ([Fig. 3A](#F3){ref-type="fig"}) explained this shift in daily ^15^N and water partitioning ([Fig. 5A and B](#F5){ref-type="fig"}). Accordingly, ^15^N was accumulated and concentrated in the shoot tissues before the cotyledon surface area was enlarged by division and water accumulation in neo-formed supernumerary cells ([Figs. 3A](#F3){ref-type="fig"}, [4A](#F4){ref-type="fig"} and [5A](#F5){ref-type="fig"}). Furthermore, this discrepancy is also clearly observed when comparing daily ^15^N and water partitioning during the time course of the experiment ([Fig. 5B and C](#F5){ref-type="fig"}). Taken together, all these results demonstrate that the rate-limiting resistance to water flow is the site of cell enlargement of the shoot growing tissue. The results also confirm that if the water allocation is the result of cell and organ enlargement in low transpiring conditions, nitrate accumulation and signaling are mainly the cause of the morphological changes induced in the roots and shoots as previously demonstrated by nitrate reductase (NR) mutants of tobacco.[@R44]^,^[@R45]

![**Figure 5.** Comparison of static and dynamic partitioning of ^15^N and water to the shoot. (**A**) ^15^N and water partitioning to the shoot of *Brassica napus* seedlings treated over 5 d with varying external nitrate concentrations. (**B**) Comparison of daily ^15^N and water partitioning during the time course of treatment. Values are the average (± SE) of four repeats of four seedlings each.](psb-8-e22902-g5){#F5}

Expression of BnNRT1.1 in the shoots and roots is associated with variations in nitrate content in the shoots
-------------------------------------------------------------------------------------------------------------

Because high ^15^N uptake and partitioning toward the shoots were maintained at concentrations of nitrate between 1 and 5 mM ([Figs. 3B](#F3){ref-type="fig"} and [5A](#F5){ref-type="fig"}), nitrate was not diluted, but rather was concentrated in the tissue during the water accumulation needed for shoot enlargement. This was confirmed by the evolution of nitrate concentrations in the shoot tissues ([Fig. 6A](#F6){ref-type="fig"}). Despite differences in the order of magnitude (note the logarithmic scale for nitrate content in [Fig. 6A](#F6){ref-type="fig"}), variations in nitrate concentration in the shoot were parallel with ^15^N and water partitioning (r^2^ = 0.98, p \< 0,05; [Fig. 4A](#F4){ref-type="fig"} and [5A](#F5){ref-type="fig"}). Because Guo et al.[@R20] previously reported that *AtNRT1.1* was specifically expressed in the shoot, we monitored *BnNRT1.1* expression in the shoot. During the strongest increase in nitrate content between 0.5 and 5 mM, *BnNRT1.1* transcript levels in the shoot tissues were significantly reduced ([Fig. 6B](#F6){ref-type="fig"}). A closer examination of the relationships between *BnNRT1.1* expression in the shoots and roots and the variations of nitrate content in the shoots indicated that shoot nitrate content was exponentially and negatively correlated with *BnNRT1.1* expression in the shoot, whereas it was positively correlated with *BnNRT1.1* expression in the roots ([Fig. 6C](#F6){ref-type="fig"}).

![**Figure 6.** Relationships between transcripts levels of *BnNRT1.1* in the shoots and roots with nitrate concentration changes in the shoots between 96 and 120 h of nitrate treatment. (**A**) Changes in NO~3~^-^ content in the shoot after 120 h of nitrate treatment. (**B**) *BnNRT1.1* transcript levels in the shoot tissue in response to external nitrate concentrations. (**C**) Relationships between variations in *BnNRT1.1* transcript levels in the shoots and roots with changes in nitrate contents in the shoot tissues. Regression coefficients and significance for each relationship are shown. Transcript levels were assayed by quantitative PCR and were normalized to the expression level of the *18S* ribosomal gene, values are the average (± SE) of n = 5--8 repeats of four seedlings each.](psb-8-e22902-g6){#F6}

Relationship between expression of BnNRT1.1 and BnNRT2.1 and relative accumulation of ^15^NO~3~^-^ and water in the shoot
-------------------------------------------------------------------------------------------------------------------------

In order to investigate the role of nitrate transporters in the accumulation of ^15^N and water in the shoot between 96 and 120 h of nitrate treatment and their relationship to morphological changes, correlations were established systematically ([Fig. 7](#F7){ref-type="fig"}). This approach was first validated by linear relationships found between changes in daily accumulation of water and nitrate in the shoot during the time course of the experiment ([**Fig. S5**](#SUP1){ref-type="supplementary-material"} at JXB on line). Surprisingly, *BnNRT2.1* expression was linearly correlated with ^15^N and water accumulation, whereas *BnNRT1.1* expression was exponentially correlated with these variables ([Fig. 7A and B](#F7){ref-type="fig"}). Discrepancies in the correlative responses between *BnNRT2.1* and *BnNRT1.1* expression were always observed between 1 and 5 mM external nitrate supply during the greatest morphological changes in root tissue expansion induced by nitrate ([Fig. 2B](#F2){ref-type="fig"}). As expected, comparison of variations in the root length and transcript levels of both transporters revealed that *BnNRT2.1* expression was linearly correlated with the root elongation, whereas *BnNRT1.1* transporter expression was exponentially correlated with variations of the root length ([Fig. 7C](#F7){ref-type="fig"}).

![**Figure 7.** Correlations between transcripts levels of *BnNRT1.1* and *BnNRT2.1* with physiological and morphological variables. (**A**) Relationships between *BnNRT1.1* and *BnNRT2.1* expression and the water accumulation rate in the shoots between 96 and 120 h of nitrate treatment. (**B**) Relationships between *BnNRT1.1* and *BnNRT2.1* expression and ^15^N accumulation rate in the shoots between 96 and 120 h of nitrate treatment. (**C**) Relationships between the total root length and *BnNRT1.1* and *BnNRT2.1* expression in the roots with variations of nitrate concentrations in the shoot tissues. Regression coefficients and significance for each relationship are shown.](psb-8-e22902-g7){#F7}

Discussion
==========

Previous experiments with WT and NR tobacco mutants demonstrated that accumulation of nitrate in the shoot acts as a signal to regulate shoot-to-root allocation.[@R44] In order to complete this study and to investigate the role of nitrate transporters and ^15^NO~3~^-^ uptake and partitioning in morphological responses to the nitrate signal, we used experimental conditions where osmotic water flow for seedling growth was strictly dependent on nitrate transporter activity. Indeed, at the whole plant level, the water balance requires conservation of mass and may be characterized by the following equation:[@R51]

A-t = G + H

Where A and T are the fluxes for water absorption and transpiration, G the storage flux for growth and H the storage flux for re-hydratation (or dehydratation) corresponding to tissue capacitances. In the agar Petri dish system the transpiration rate was strongly reduced and water absorption was mainly caused by the osmotic water flux for growth (See equations 1 and 2). Accordingly, the signaling effect of nitrate on shoot organ enlargement induced by increasing external nitrate concentrations depends on root nitrate transport and partitioning to the shoots. These plant culture conditions allow a better understanding of involvement of the NRT1.1 and NRT2.1 nitrate transporters in nitrate signaling during osmotic water flow-associated growth by characterizing structural and functional relationships that respond to nitrate availability in *B. napus* plantlets.

In low transpiring conditions, the switch in the osmotic water flow for growth is caused by root and shoot morphological changes induced by nitrate
---------------------------------------------------------------------------------------------------------------------------------------------------

In the Petri dish experimental system, low transpiring conditions induced tight correlations between water and nitrate uptake and allocation as expected by the composite water transport model proposed by Steudle[@R52]^,^[@R53] and the water balance required for water mass conservation at the whole plant level.[@R51] Three major physiological switches were induced when external nitrate concentrations were between 0.5 and 5 mM: (1) A decrease by 2-fold in the root hydraulic resistance, which was indirectly measured by the shoot water flow needed for growth; (2) A reduction by 2-fold in the total root length; and (3) the increase by 2-fold in the shoot water mass. The similarity in the order of magnitude of these three concomitant processes between 0.5 and 5 mM confirms previous results that the nitrate signal controls root and shoot morphological changes.[@R44] This in turn affects root hydraulic properties through water accumulation during shoot growth. As previously demonstrated, in low transpiring conditions the rate-limiting resistance to water flow is the site of cell enlargement of the growing tissue due to the hydraulic resistance of the roots being smaller.[@R51] Thus, we can reasonably argue that without a high water demand for shoot growth via shoot cell expansion and division, the increase in the osmotic pressure caused by potassium nitrate accumulation in the xylem and/or the shoot tissues will have no effect on the osmotic water transport across the root. Furthermore, the decrease in the root water resistance is probably not caused by a change in root hydraulic conductivity. Indeed, the opposite volumetric changes in root and shoot cells between 0.5 and 1 mM and root and shoot tissues between 1 and 5 mM argue in favor of an increase water flow caused by the shoot enlargement. Moreover, the discrepancy observed between daily ^15^N and water uptake and translocation between 0.5 and 5 mM external nitrate concentrations are also consistent with this assumption.

Water fluxes to the growing organs are the consequence of a nitrate-signaling cascade involved in shoot cell growth
-------------------------------------------------------------------------------------------------------------------

A closer examination of the results clearly indicates that the water fluxes within the plantlets in response to nitrate availability probably depend more on hydrostatic factors induced by the nitrate signaling cascade during shoot cell growth than on dynamic factors. It seems clear from the correlation found between root and shoot cell expansion measurements in response to nitrate that the mechanical resistance of the cell walls in growing tissues limits water flow. We can reasonably assume that for a given total water potential of the shoots, higher nitrate concentration should result in lower osmotic potential, and hence higher turgor that should trigger shoot growth. Moreover, this does not rule out a possible role for K^+^ as a companion osmolyte (see below) even if K^+^ is not involved in morphological and NRT expression responses as demonstrated by several studies.[@R54]^-^[@R56] In fact, our study and the previous studies of Stitt and colleagues raise one of the crucial questions: how nitrate signal is perceived then transduced for cell growth?

Does the nitrate-signaling cascade modify the osmotic behavior of growing tissues via regulation of H^+^-ATPases?
-----------------------------------------------------------------------------------------------------------------

Although the link between nitrate and plant growth has been established for a long time at physiological and agronomical levels, little is known about the effect of the nitrate signal on key cellular events during cell growth.[@R57] Indeed, recent transcriptomic studies have established lists of genes induced in short--term treatment by nitrate but they have not enabled determination of the short-term chronology in the key physiological events of cellular growth induced by the nitrate signal.[@R58]^-^[@R61] Up to the present time, the acid growth theory[@R62] seems to be the sole physiological theory of growth recognized by the plant scientific community. According to this theory, the synthesis of H^+^-ATPases induced by an auxin signal constitutes the center of coordination for cellular growth because it energises ion transport through a variety of secondary transporters and channels. Thus, the extrusion of H^+^ ions by H^+^-ATPases acts on the plasticity of the wall, the absorption of K^+^ and the uptake of nitrogen and carbon solutes such as NO~3~^-^, amino acids and sugars. The H^+^-ATPases are also involved in pH homeostasis via the synthesis of a corrective acid: malate, which is also implied in cell turgor.[@R62]^-^[@R65] Even though our results have not deciphered the nitrate signal cascade involved upstream of the auxin signal in cell and organ growth, they have revealed distinct roles for the *BnNRT2.1* and *BnNRT1.1* nitrate transporters in coordination and integration of the nitrate signal for growth at the whole plant level. They are also consistent with recent studies showing that the nitrate signal is involved in the osmotic behavior of cells in growing tissues via regulation of H^+^-ATPases. As has been reported, 14--3-3 proteins induced by nitrate are able to bind and to regulate H^+^-ATPases, sucrose phosphates synthase (SPS) and nitrate reductase (NR) at the posttranscriptional level.[@R66]^-^[@R71]

The switches in BnNRT1.1 expression in the roots and shoots are induced by an increase in nitrate concentrations and represent key indicators of seedling morpho-physiological changes
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Since the experimental conditions used created a situation where root water flows and morphological changes depended strictly on nitrate availability and the functioning of nitrate transporters, we examined how these conditions affected the regulation of the *BnNRT1.1* and *BnNRT2.1* nitrate transporter genes. It is known that both transporters are mainly expressed in the roots after nitrate induction.[@R28]^,^[@R29] Our findings demonstrated that *BnNRT1.1* was the only nitrate transporter gene showing large switches in expression in the roots and shoots when ^15^NO~3~^-^ and water uptake rates and accumulation reached their maximum levels in the shoot. The order of magnitude changes in *BnNRT1.1* expression, ^15^N accumulation and root nitrate content during the greatest root reduction between 1 and 5 mM nitrate showed an increase of 4-, 2- and 12 -fold, respectively. This suggests that the opposing but concomitant switches in *BnNRT1.1* expression in the roots and shoots strongly depend on changes in the endogenous root nitrate concentration and the signaling effects that this has on shoot and root growth ([Fig. 7](#F7){ref-type="fig"}). Furthermore, exponential coupling between *BnNRT1.1* expression and the relative ^15^N and water accumulation between 1 and 5 mM nitrate during the greatest reduction in root length suggests a specific role or regulation of the NRT1.1 transporter during morphological changes in the plantlets. Because expression of the dual-affinity nitrate transporter gene, *NRT1.1*, is induced by auxin in both shoots and roots of Arabidopsis seedlings,[@R40] it is reasonable to assume that auxin could have been the cause of the switches in *NRT1.1* expression in these experiments during the strongest nitrate accumulation and morphological changes in the roots and shoots. This assumption is also consistent with recent transcriptomic studies reporting that in short--term experiments (min to hours), N availability simultaneously induces the expression of NRT1.1 and NRT2.1 nitrate transporter genes as well as genes responsible for hormone synthesis such as auxin.[@R58]^,^[@R72]^,^[@R73] This assumption is also reinforced by the recent discovery that the NRT1.1 nitrate transporter also acts as an auxin transporter in the roots and facilitates auxin transport and its fine-tuning via nitrate.[@R74]

The upregulation of BnNrt2.1 expression is strongly linked to BnNRT1.1's induction
----------------------------------------------------------------------------------

It is generally accepted that *NRT2.1* expression is regulated by two mechanisms: induction by NO~3~^-^ and repression by downstream N metabolites.[@R27]^,^[@R75]^,^[@R76] A study by Girin et al.[@R49] using *AtNRT2.1* promoter deletion and GUS expression revealed that this regulation also operates at the promoter level. In several plant species, studies have shown that NH~4~^+^ or amino acids such as glutamine could be involved in the downregulation of *Nrt2.1* expression via systemic translocation, ensuring feedback control of NO~3~^-^ uptake by the N status at the whole plant level.[@R77]^-^[@R79] In addition, the recent work of Krouk et al.[@R86] has shown that at low levels of NO~3~^-^ (0.5 mM) and high concentrations of NH~4~^+^ or Gln (\> 1 mM), *NRT2.1* are upregulated in Arabidopsis. Because the *AtNrt1.1* mutant lacks *AtNRT2.1* repression in these experimental conditions, this contradictory situation led to the building of a new regulatory model where root *AtNRT1.1* is involved in the repression of *AtNRT2.1*.[@R80] Our findings are consistent with these results. Indeed, increasing levels of Gln or NH~4~^+^ in roots are not responsible for the downregulation of the *BnNRT2.1* expression ([Fig. 4C](#F4){ref-type="fig"}; [**Fig. S6**](#SUP1){ref-type="supplementary-material"} at JXB online). In fact, the increased *BnNRT2.1* expression seen in 1 to 5 mM nitrate treatments ([Fig. 4C](#F4){ref-type="fig"}) occurred alongside the largest increase in Gln and NH~4~^+^ in the root tissues ([**Fig. S6**](#SUP1){ref-type="supplementary-material"} at JXB online). Moreover, the slight decrease in *BnNRT2.1* expression between 5 and 20 mM nitrate treatments was observed during the decrease in Gln concentrations in the roots and shoots and the increase in root *BnNRT1.1* expression ([Fig. 4C](#F4){ref-type="fig"}; [**Fig. S6**](#SUP1){ref-type="supplementary-material"} at JXB on line).

Changes in BnNRT2.1 expression are associated with variations in the root length induced by nitrate
---------------------------------------------------------------------------------------------------

While the nonlinear coupling (exponential relationships) between *BnNRT1.1* expression and morpho-physiological variables is particularly striking, the linear correlations found between these variables and *BnNRT2.1* expression are more intriguing. It was reported in Arabidopsis that, *AtNRT2.1* expression was strongly inducible by nitrate and known to be involved in compensating mechanisms for nitrate uptake during split root experiments.[@R76] Hence, this demonstrates that during homogenous nitrate supply to the roots in long-term experiments (days to weeks), *BnNRT2.1* expression strictly responds to the changes in the exploratory root length and adapts the nitrate uptake to seedling growth (N demand) and nitrate availability. Similar results have been obtained in a previous study where the reduction in the exploratory root system (primary root and lateral roots) by pharmacological modulation of ethylene biosynthesis under a 1 mM nitrate supply was compensated by a linear increase in *BnNRT2.1* expression.[@R46] In addition, this result is also strongly consistent with the localization of NRT2.1 activity in epidermal and cortical cell layers of the mature root,[@R49] suggesting that NRT2.1 is directly dependent on growth of the exploratory root surface.

In conclusion, low transpiring conditions provided a physiological situation where nitrate and water fluxes for growth were coupled. Hence, root and shoot allometric relationships and correlations found between nitrate and water fluxes with the expression of the *BnNRT2.1* and *BnNRT1.1* nitrate transporters complement the pioneering work of Stitt and Coll on nitrate signaling effects on growth in NR mutants of tobacco.[@R44]^,^[@R45] These results will serve as references for future comparisons with data obtained in high transpiring conditions. Our results also suggest that changes in *BnNRT1.1* transporter expression in the shoots and roots reflect the action of an integrated and coordinated system for growth controlled by the nitrate signal through the action of the *BnNRT1.1* and *BnNRT2.1* nitrate transporters. Because the NRT2.1 transporter, localized to the epidermal and cortical root cell layers,[@R49] is also strongly involved in nitrate uptake and is linearly correlated with morpho-physiological variables, the next study should examine the respective contribution of the BnNRT2.1 transporter and its interaction with BnNRT1.1 in nitrate and water uptake and partitioning in low transpiration conditions.

Materials and Methods
=====================

Plant material and growth conditions
------------------------------------

The *Brassica napus* L. seeds used in this study were the winter oil seed rape cultivar Capitol. The seeds were treated for germination according to Leblanc et al.[@R81] After 48 h of germination in the dark at room temperature, four seedlings were selected by their radicle length (5--6 mM), and were transferred to new Petri dishes (12x12 cm) filled with 50 mL of agar culture medium. Basic medium contained 0.4 mM KH~2~PO~4~, 0.15 mM K~2~HPO~4~, 1 mM K~2~S0~4~, 0.5 mM MgSO~4~, 3 mM CaCl~2~, 0.2 mM Fe-Na EDTA, 14 mM H~3~B0~3~, 5 mM MnSO~4~, 3 μM ZnSO~4~, 0.7 μM CuSO~4~, 0.7 μM (NH~4~)~6~ Mo~7~O~24~ and 0.1 μM CoCl~2~ and was solidified with 0.8% (W/V) agar (Sigma A-7002), pH 6.75. This basic medium was supplemented with KNO~3~ as the sole nitrogen source at the concentrations indicated for each individual experiment (from 0.05 to 20 mM). Then, the dishes were placed vertically in a growth chamber for 5 d at 22°C under a 16h light/8h dark photoperiod at a photosynthetic photon flux density of 200 μmol m^−2^ s^−1^. To avoid the Petri dishes opening during the experiment, agar plates were half sealed with adhesive tape.

Morphometric analyses of epidermal root hair cells and palisade cells
---------------------------------------------------------------------

The "Length of the first Epidermal cell with visible root Hair bulge" (LEH) was defined by Le et al.[@R82] as a parameter to study root elongation at the cell level. Similarly, we have defined the "Basal Length of the Epidermal root Hair cell" (BLEH), which corresponds to fully expanded root hairs after 24 h of growth. The BLEH was measured under a Leica CME light microscope on neo-elongated primary roots between 48 and 72 h after sowing according to Leblanc et al.[@R81] Among the 24 treated plantlets, only six plantlets showing the mean value of for primary root elongation after treatment with different concentrations of KNO~3~ (from 0.05 to 20 mM) were chosen to study the root elongation effect of nitrate on the BLEH parameter. From the six plantlets, the length of 20--30 cells was measured. After the nitrate treatments, fully expanded cotyledons of plantlets were fixed and cleared according to Young et al.[@R83] Palisade cells present in the middle of the cotyledon blade were then measured at 40× magnification under a Nikon Optiphot 2 Nomarski microscope (Nikon, Japan) equipped with a camera (JVC, TK-C1481BEG) and video imaging system (Sony Trinitron, PVM-20L1).

Exploratory root system and cotyledonary surface analyses
---------------------------------------------------------

To quantify the effects of nitrate treatments, modifications of the exploratory root system (primary and lateral roots), shoot area, and net uptake of NO~3~^-^ were measured every day for 5 d. For each nitrate treatment, four replicates corresponding to four different agar plates containing 4 seedlings were harvested. The root and shoot parts of the seedlings were excised. Seedling roots were washed in 1 mM CaSO~4~ solution for 1 min at room temperature before being placed in a demineralized water solution and analyzed by the WinRHIZO scan system (Regent Instruments Inc.). Each shoot was placed on a transparent slide and photocopied (Kyocera Mita, KM-2030), and the leaf area was quantified using the image and the WinRHIZO scan system. After these analyses, the roots were dried on tissue paper and the roots and shoots placed into 2 mL Eppendorf tubes. The tubes were weighed to get root and shoot fresh weight, dried in an oven for 72 h at 60°C and then weighed to quantify the root and shoot dry weight.

Nitrate mass flow, net K^15^NO~3~^-^ uptake and isotope analysis
----------------------------------------------------------------

The amount of nitrate movement by mass flow is calculated per cm of root length by multiplying the rate of water entry (μL. h^−1^.cm^−1^) with the nitrate concentration in the medium solution, according to Bath et al.[@R84]

Net uptake of NO~3~^-^ was obtained by a continuous and homogeneous labeling with K^15^NO~3~ (atom % ^15^N: 1%) over 120 h. The same ^15^NO~3~^-^/^14^NO~3~^-^ was used for the different KNO~3~ concentration treatments (from 0.05 to 20 mM). At each time point (24, 48, 72, 96 and 120 h), seedlings were harvested and ^15^N accumulated within the tissues analyzed by Isotope Ratio Mass Spectrometry. Before isotope analyses, the dried matter of the shoots and roots were ground separately for 2 min to a fine powder with 5 mm diameter inox beads in an oscillating grinder (Retsch mixer mill, MM301). Then the total amount of ^15^N was determined for roots and shoots, and net uptake of nitrate was calculated as μmol^15^N**·**h^−1^**·**mg^−1^ DW or μmol^15^N.h^−1^.cm^−1^ root length. The ^15^N analyses were performed using an analyzer (EA 3000, Eurovector) coupled with an isotopic mass spectrometer (Isoprime X, GV instrument).

Daily ^15^N and Water partitioning
----------------------------------

The percentages of daily^15^N partitioning for the different nitrate treatments were calculated from the ratio between the amount of ^15^N in the shoot and total amount of ^15^N present in the shoots and roots of the seedling by the following equation:

\[^15^N~shoot~/(^15^N~shoot~ + ^15^N~root~)\] \*100

Daily water translocation to the shoot induced by nitrate treatments during the time course of the experiment was measured as the difference in water mass between the shoot and root divided by the total mass of water accumulated within seedlings during growth. The volumetric shoot and root water mass were estimated from the difference between fresh and dry weights. Changes in water partitioning to the shoot were calculated on the basis of volumetric expansion of the shoot and root from the 0.05 mM nitrate treatment (W~root\ 0.05~ and W~shoot\ 0.05~). To account for root elongation changes induced by nitrate treatments, which increase or reduce water volumetric difference between shoots and roots, we subtracted W~root~ water mass from **W~root\ 0.05~** at a given nitrate concentration. In contrast, because increasing nitrate concentrations always induced shoot expansion, we subtracted **W~shoot\ 0.05~** from W~shoot~ water mass. Accordingly, the calculation of changes in water partitioning was as follows:

\[(\[W~root\ 0.05~ - W~root~) + (W~shoot~ --W~shoot\ 0.05~\])/(W~shoot~+ W~root~)\]\*100

Estimation of transpiration rate
--------------------------------

In hydroponic and agar Petri dish culture conditions, the transpiration rate was estimated by gravimetric methods. In hydroponic conditions, the transpiration rate was measured with the method of Van Ieperen and Mardery.[@R85] To modulate transpiration, plantlets were placed in high relative humidity (100% R) in closed chambers or in ambient atmosphere (65% HR). In the agar Petri dish system (100% RH), the transpiration rate was measured by the difference in water loss by agar plates without plantlets (control) and with plantlets (see [**Fig. S1**](#SUP1){ref-type="supplementary-material"} on JXB online).

RNA isolation and quantitative RT-PCR analysis
----------------------------------------------

For gene expression analysis, total RNA was extracted from 4 seedlings (200−400 mg of fresh root tissue). For each of the external nitrate concentration tested, five to eight replicates of 4 seedlings were used for quantitative RT-PCR analyses. Fresh root samples frozen in 2 mL Eppendorf tubes in liquid nitrogen were ground for 1.5 min with 4 mm diameter inox beads in an oscillating grinder (Retsch mixer mill MM301). Total RNA was extracted using the RNeasy plant mini kit according to the manufacturer's instructions (Qiagen) and quantified before RT-PCR analyses by a spectrophotometer at 260 nm (BioPhotometer, Eppendorf). RT was performed according to Leblanc et al.[@R81] For RT, 1 µg of total RNA was converted to cDNA with an iScript cDNA synthesis kit using the manufacturer\'s protocol (Bio-Rad). Gene expression was determined by quantitative real-time PCR on a PTC-200 DNA Engine cycler. The primers used to amplify the gene specific sequences were: for *PIP1b* (F, 5′-aggtggagccaacaccatag and R, 5′-ggggatggttgctaagtgaa), for *BnNRT2.1* (F, 5′-tggtggaataggcggctcgagttg and R, 5′-gtatacgttttgggtcattgccat; AJ293028), and for *BnNRT1.1* (F, 5′-atggtaaccgaagtgccttg and R, 5′-tgattccagctgttgaagc, AJ278966), *NRT1.5* (F, 5′-cgggccaatgggttgctg; R, 5′-ctcgaccccagtatgaatcg). The expression levels of genes were normalized to the expression level of the *18S* ribosomal gene (F, 5′-cggataaccgtagtaattctag R, 5′-gtactcattccaattaccagac).

Nitrate analyses
----------------

Anions such as nitrate and sulfate were extracted from freeze-dried shoot and root tissues of 8 seedlings treated with different nitrate concentrations for five days. Extraction was performed twice on 15 mg of dry weight suspended in 1 mL of extraction buffer \[H~2~O/50% alcohol (1V/1V)\] then extracted at 40°C for 30 min. After centrifugation (1000 g for 20 min), the supernatant was removed and the pellet was re-extracted in the same way. Then the pellet was extracted twice in 1 mM of milliQ water for 30 min at 95°C. After centrifugation, all the supernatants were pooled and dried under vacuum before being suspended in 600µL of milliQ water. Sample concentration was optimised in 300 µL aliquots prior to analysis by ion chromatography using an ICS3000 analyzer (Dionex) with a hydroxide-selective anion exchange column (IonPac AS17). The EG40 Eluent Generator electrolytically produces high purity potassium hydroxide eluent from water, using a range of concentrations from 12 to 40 mM. In comparison to non-suppressed ion chromatography, electrolytic and chemical suppression (ASRS300 4 mm) greatly enhanced sensitivity (signal-to-noise ratio) by decreasing the background conductivity of the eluent while simultaneously increasing the response of analytes.

Amino acid profiling
--------------------

Amino acid profiling was performed on shoot and root material, using an ACQUITY Ultra Performance Liquid Chromatography (UPLC) separation system (Waters Corp). Plant tissues were collected, freeze-dried, and homogenized with 4 mm diameter steel beads for 1 min at 30/s frequency. Methanol-chloroform-water-based extractions were made on 10 mg of the resulting dry powder. The powder was suspended in 400 µL of methanol containing 200 µM DL-3-aminobutyric acid (BABA) as an internal standard and agitated at 1,500 rpm for 15 min at room temperature. 200 µL of chloroform were then added and samples were agitated at 1,500 rpm for 5 min at room temperature. Finally, 400 µL of ultra-pure water were added and samples were vigorously mixed and then centrifuged at 13,000 g for 5 min at 4°C. The upper phase, containing amino acids, was transferred to a clean microtube, dried under vacuum, and the dry residue was resuspended in 600 µl of ultra-pure water. A 5 µL aliquot of the resulting extract was used for derivatisation according to the AccQ•Tag Ultra Derivatization Kit protocol (Waters Corp.) and then derivatised amino acids were analyzed using an ACQUITY UPLC^®^ system (Waters Corp.). 1 µL of the reaction mix was injected onto an ACQUITY UPLC BEH C18 1.7 µm 2.1 × 100 mm column heated to 55°C. Elution of amino acids was performed with a mix of 10-fold diluted AccQ•Tag Ultra Eluent (A) and acetonitrile (B) at 0.7 mL.min^−1^ flow according to the following gradient: initial, 99.9% A ; 0.54 min, 99.9% A ; 6.50 min, 90.9% A, curve 7 ; 8.50 min, 78.8% A, curve 6 ; 8.90 min, 40.4% A, curve 6 ; 9.50 min, 40.4% A, curve 6 ; 9.60 min, 99.9% A, curve 6 ; 10.10 min, 99.9% A. Amino acids were detected at 260 nm using a photo diode array detector and were subsequently identified and quantified with the individual external standard calibration curves. The content of individual amino acids was expressed in µmoles per g of dry weight by reference to the BABA internal standard and to external calibration curves of amino acids.
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